Abstract From a further purification study, four new stemphones D to G were isolated along with previously reported stemphones B and C from the culture broth of Aspergillus sp. FKI-2136. Twenty-one derivatives were semisynthetically prepared from stemphones C, E and G. Potentiation of imipenem activity against methicillinresistant Staphylococcus aureus (MRSA) by all the stemphones including natural and semisynthetic ones was compared to study the structure-activity relationships. Derivatives with a free hydroxy or an O-acyl residue having a C2 to C5 carbon length at C-4 held the potentiating activity, but those with a longer acyl residue lost the activity. The presence of an oxo or a free hydroxy residue at C-10 is important for the potentiating activity because introduction of an alkyl or acyl residue at this position resulted in a loss of activity. Among them, stemphone E exhibited the most potent potentiation of imipenem activity against MRSA and the lowest cytotoxic activity against Jurkat cells.
acetate extracts) were dissolved in methanol and analyzed by an HP1100 system (Hewlett Packard) under the following conditions: column, Symmetry (2.1ϫ150 mm, Waters); flow rate, 0.2 ml/minute; mobile phase, a 20-minute linear gradient from 30% CH 3 CN to 70% CH 3 CN containing 0.05% H 3 PO 4 and a continuous 5-minute linear gradient from 70% CH 3 CN to 100% CH 3 CN containing 0.05% H 3 PO 4 ; detection, UV at 210 nm. Stemphones D, E, F and G were eluted as peaks with retention times of 17.3, 14.5, 11.7, 18.5 minutes, respectively. UV spectra were recorded on a spectrophotometer (DU640, Beckman). IR spectra were recorded on a Fourier transform infrared spectrometer (FT-710, Horiba). Optical rotations were measured with a digital polarimeter (DIP-1000, JASCO). FAB-MS and HRFAB-MS spectra were recorded on a mass spectrometer (JMS-DX300, JEOL and JMS-AX505 HA, JEOL, respectively). The various NMR spectra were measured with a spectrometer (XL-400, Varian).
Isolation of Stemphones D to G
Stemphones D and E were isolated from the 7-day old culture broth of the fungus. The whole broth (4.9 liters) was centrifuged at 3000 rpm for 10 minutes to separate the mycelium and supernatant. After treating the mycelium with Me 2 CO (1.5 liters), the extracts were filtered and concentrated to remove Me 2 CO. The resulting aqueous solution and the supernatant were mixed and extracted with EtOAc. The extracts were dried over Na 2 SO 4 and concentrated in vacuo to dryness to yield crude materials (6.4 g ). The materials were dissolved in CHCl 3 , applied on a silica gel column (60 g), and eluted stepwise with 100 : 0 (100 ml), 100 : 1 (200 ml), 50 : 1 (300 ml), 10 : 1 (300 ml), 5 : 1 (300 ml) and 1 : 1 (300 ml) of CHCl 3 -CH 3 OH solvents (v/v). The 50 : 1 fraction was concentrated to give a redbrown oily material (704 mg), which was subjected to a second silica gel column (30 g). The material was eluted with 100 : 0 (50 mlϫ2), 100 : 1 (30 mlϫ5), 50 : 1 (25 mlϫ 10), 10 : 1 (30 mlϫ5) and 5 : 1 (30 mlϫ5) of CHCl 3 -CH 3 OH solvents (v/v). The fractions of the 50 : 1 solvent were collected and concentrated in vacuo to dryness to give pure stemphone E (318 mg) as a white powder. The 3rd and 4th fractions of the 10 : 1 solvent were collected and concentrated to give a yellow powder (30 mg). This powder dissolved in MeOH (2.0 ml) was centrifuged at 3000 rpm to remove MeOH-insoluble impurities. The soluble supernatant (17 mg) containing stemphone D was finally purified with preparative HPLC (column; PEGASIL ODS (Senshu Sci. Co.), 20ϫ250 mm; solvent, 45% CH 3 CN; detection, UV at 210 nm; flow rate, 6.0 ml/minute). Under these conditions, stemphone D was eluted as a peak with a retention time of 64 minutes. The fractions were pooled and concentrated in vacuo to dryness to give pure stemphone D (1.2 mg) as a yellow powder (Fig. 3A) .
Stemphones F and G were isolated from the 15-day old culture broth. The whole broth (0.10 liter) was centrifuged at 3000 rpm for 10 minutes to separate the mycelium and supernatant. After treating the mycelium with Me 2 CO, the extracts were filtered and concentrated to remove Me 2 CO. The resulting solution and the supernatant were mixed and extracted with EtOAc. The extracts were dried over Na 2 SO 4 and concentrated in vacuo to dryness to yield crude materials (0.50 g). The materials were dissolved in CHCl 3 , applied on a silica gel column (2.3 g), and eluted stepwise with 100 : 0 (10 mlϫ4), 100 : 1 (10 mlϫ2), 50 : 1 (10 mlϫ3), 10 : 1 (10 mlϫ3), 5 : 1 (10 ml) and 1 : 1 (10 ml) of CHCl 3 -CH 3 OH solvents (v/v). The 2nd and 3rd fractions of the 50 : 1 solvent were collected and concentrated to give a yellow oil (19.2 mg). The oil was finally purified with preparative HPLC (column; PEGASIL (A) Stemphone D Column, PEGASIL ODS 20ϫ250 mm; solvent 45% aq CH 3 CN; detection, UV at 210 nm; flow rate, 6.0 ml/minute; sample, 2.0 mg of active materials (obtained through second silica gel column chromatography) dissolved in 200 ml MeOH was injected.
(B) Stemphone F Column, PEGASIL ODS 20ϫ250 mm; solvent 50% aq CH 3 CN; detection, UV at 210 nm; flow rate, 6.0 ml/minute; sample, 2.0 mg of active materials (obtained through second silica gel column chromatography) dissolved in 200 ml MeOH was injected.
(C) Stemphone G Column, PEGASIL ODS 20ϫ250 mm; solvent 70% aq CH 3 CN; detection, UV at 210 nm; flow rate, 6.0 ml/minute; sample, 2.0 mg of active materials (obtained through second silica gel column chromatography) dissolved in 200 ml MeOH was injected.
ODS, 20ϫ250 mm; solvent, 50% CH 3 CN; detection, UV at 210 nm; flow rate, 6.0 ml/minute). Under these conditions, stemphone F was eluted as a peak with a retention time of 18 minutes (Fig. 3B) . The fraction was concentrated in vacuo to dryness to give pure stemphone F (10.3 mg) as a yellow powder. On the other hand, the 2nd fraction of the 100 : 1 solvent was collected and concentrated in vacuo to dryness to give a red-brown oil (28.2 mg), which was subjected to a second silica gel column (3.0 g). The material was eluted with 100 : 0 (1.0 mlϫ40), 100 : 1 (10 mlϫ4), 1 : 1 (40 ml) of CHCl 3 -CH 3 OH solvents (v/v). The 21st to 40th fractions of the 100 : 0 solvent were collected and concentrated to give a red-brown oil (14.7 mg). The oil was finally purified with preparative HPLC (column; PEGASIL ODS, 20ϫ250 mm; solvent, 70% CH 3 CN; detection, UV at 210 nm; flow rate, 6.0 ml/minute). Under these conditions, stemphone G was eluted as a peak with a retention time of 23.8 minutes (Fig.  3C ). The fraction was concentrated in vacuo to dryness to give pure stemphone G (1.0 mg) as a yellow powder.
Preparation of C-11 Derivatives (C1aϳC1i)
Stemphone derivatives with a diversity at C-11 (C-11 derivatives) were prepared on the basis of the basic nucleophilic reaction [4] . To a solution of stemphone C (20 mg, 0.039 mmol) in pyridine (400 m l) 4-(dimethylamino) pyridine (5.0 mg, 0.040 mmol) and methanol (200 m l, 7.80 mmol) were added. After the reaction mixture was stirred at 60°C for 48 hours, EtOAc and distilled water were added. The organic layer was recovered, dried over anhydrous Na 2 SO 4 , filtered and concentrated to dryness to afford a yellow material. This material was purified by HPLC (column; PEGASIL ODS, 20ϫ250 mm; solvent, 80% CH 3 CN; detection, UV at 210 nm; flow rate, 6.0 ml/minute) to give 11-methoxy stemphone C (C1a, 40.4%) and 11-hydroxy stemphone C as yellow oils. Moreover, the other derivatives were obtained using the following alcohols; ethanol (C1b, 35.6%), 1-propanol (C1c, 29.9%), 2-propanol (C1d, 17.7%), 1-butanol (C1e, 17.5%), 2-butanol (C1f, 2.11%), 3-methyl-1-butanol (C1g, 24.9%) and 2-mercaptoethanol (C1i, 53.0%).
11-Methoxy stemphone C ( 11-Hydroxy stemphone C ( 
Preparation of Methoxy Derivatives (E1 and G1)
To a solution of stemphone E (5.3 mg, 0.010 mmol) in MeOH (340 m l) TMS-diazomethane (170 m l, 0.10 mmol) was added. After stirring at 40°C for 24 hours, the reaction mixture was concentrated in vacuo to dryness to give a brown material. This material was purified by preparative HPLC to give 10-methoxy stemphone E (E1, 1.0 mg, 19%) as a white powder. Similarly, 7,10-dimethoxy stemphone G (G1) was prepared from stemphone G.
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Preparation of 7,10-Diacetyl Stemphone C (C4)
To a solution of stemphone C (10 mg, 0.019 mmol) in MeOH (500 ml) sodium borohydride (5.5 mg, 0.145 mmol) was added, and the resulting solution was stirred at room temperature. After 10 minutes, the mixture was concentrated in vacuo. The residue was dissolved in CH 2 Cl 2 (500 ml), and acetic anhydride (15 ml, 0.11 mmol), triethylamine (15 m l, 0.16 mmol) and 4-(dimethylamino) pyridine (1.0 mg, 0.0080 mmol) were added to the solution. The resulting mixture was stirred at 40°C for 10 hours, and diluted with 1.0 N HCl, and the aqueous phase was extracted with EtOAc. The organic layer was recovered, dried over anhydrous Na 2 SO 4 , filtered and concentrated in vacuo to dryness. The residue was purified by preparative HPLC (column; PEGASIL ODS, 20ϫ250 mm; solvent, 80% CH 3 CN; detection, UV at 210 nm; flow rate, 6.0 ml/minute) to give 7,10-diacetyl stemphone C (C4, 1.4 mg, 14.0%) as a white powder.
7,10-Diacetyl-stemphone C ( Assay for Potentiation of Imipenem Activity against MRSA Assay for potentiation of imipenem activity against MRSA was carried out by the paper disk method and the liquid microdilution method as previously reported [3] .
Assay for Cytotoxicity
Cytotoxicity of stemphones to Jurkat cells was evaluated by the MTT assay [5] . Cells (2ϫ10 4 cells/100 m l/well) were cultured in 96-well plates (Corning) in the presence of stemphones at the indicated concentrations at 37°C for 48 hours after which they received MTT solution (SIGMA, 10 ml to each well, 5.5 mg/ml in phosphate buffered saline (PBS)) and incubated at 37°C for 4 hours. A 90-m l aliquot of the extraction solution (40% (v/v) N,Ndimethylformamide, 2.0% (v/v) CH 3 COOH, 20% (w/v) SDS and 0.03 N HCl) was added to each well, and the cells were incubated at room temperature for 2 hours. Cytotoxicity was determined by measuring optical density at 550 nm with a plate reader (Bio-Tek instruments).
Results

Structural Elucidation
Physico-chemical properties of the isolated stemphones are summarized in Table 1 . Stemphone D showed similar UV absorption maxima at 265 nm to stemphones B and C, (Table 2 ). These spectral data and physicochemical properties showed that stemphone D has the same skeleton as stemphones B and C [3] . Furthermore, the (Fig. 4) . The cross peaks were observed from H-5 ( showed that a hydroxyl group was also attached to this position. Furthermore, the chemical shifts of stemphone F were comparable to those of cochlioquinol II [7] . Taken together, stemphone F was elucidated as shown in Fig. 1 .
Stemphone G: The molecular formula is C 30 H 42 O 9 , indicating that two hydrogen atoms were smaller than stemphone E. The 1 H-NMR spectrum of stemphone G resembled that of stemphone E except that the methine proton (d 5.06) in stemphone E was not observed. Accordingly, a carbonyl carbon signal (d 199. (Fig. 6) , revealing that an oxo residue was attached to the C-12 position. In addition, a low field of the hydroxy proton signal (d 10.8) in the 1 H-NMR spectrum indicated a hydrogen bond between the C-12 carbonyl oxygen and the H-10 hydroxy proton. Taken together, these data indicated that stemphone G was 12-oxo stemphone E as shown in Fig. 1. 438 Table 3 MIC of imipenem against MRSA in the presence of stemphones and cytotoxic effect of stemphones on Jurkat cells [3, 5] In 
Synthesis of Stemphone Derivatives
Semisynthetic strategy for C-4 and C-11 derivatives is summarized in Scheme 1. Stemphone C-4 derivatives: First, reduction of the acetyl residue at C-4 of stemphone C with LiAlH 4 yielded stemphone C2 at 42.2%. Then, stemphone C2 was acylated with corresponding anhydrous acids to give stemphones C3a (44.9%), C3b (41.3%), C3c (46.6%), C3d (22.4%) and C3e (37.7%).
Stemphone C-11 derivatives: Stemphone C was treated with methanol and TEA to yield stemphone C1a (40.4%). Similarly, stemphone C was treated with corresponding alcohols and DMAP in pyridine to afford C1b (35.6%), C1c (29.9%), C1d (17.7%), C1e (17.5%), C1f (2.11%), C1g (24.9%) and C1i (53.0%).
Potentiation of Imipenem Activity against MRSA by Stemphones
By the paper disk assay, stemphones and the derivatives alone showed almost no anti-MRSA activity at least up to 50 mg/6 mm disk as well as stemphones B and C. However, stemphones D, E, E1, E2, E3, F, C2, C3a, C3b and C3c showed anti-MRSA activity on the MHA plate containing imipenem (10 mg/ml) with an inhibition zone of 25, 22, 15, 22, 20, 20, 20, 16, 16 and 17 mm at 10 m g/6 mm disk, respectively. Under the same conditions, stemphones B and C showed anti-MRSA activity with an inhibition zone of 20 and 22 mm as reported previously [3] . Thus, the findings indicate that these stemphones potentiated the imipenem activity against MRSA. Cochlioquinone D and stemphones C1h and C3e seemed to be weak potentiators with an inhibition zone of 10 mm. On the other hand, the other stemphones showed almost no potentiating activity with no inhibition zone on the MHA plate containing imipenem.
Next, the potentiating activity of all stemphones was confirmed by the liquid microdilution method. First, anti-MRSA activity of these stemphones alone was studied by this method. Their MIC values were calculated to be over 16 m g/ml (cf. MIC of stemphone C is 16 m g/ml [3] ). Therefore, the concentrations of stemphones were set up at 4.0 m g/ml to test the potentiation activity. The results of potentiation of imipenem activity against MRSA by the stemphones are summarized in Table 3 . As previously reported [3] , stemphones B and C enhanced the imipenem activity over 500-fold. Stemphones D, E, E2, E3, F, C2, C3a and C3b showed almost the same potentiating activity as stemphones B and C (266ϳ533 folds) followed by stemphones C3c and C3e (64 folds). Stemphones C1a, C1d and C1h were moderate potentiators (8ϳ16-fold). The 12 other compounds had almost no potentiating activity. These data are fundamentally comparable to those obtained from the paper disk method as described above.
Cytotoxicity against Jurkat Cells
Cytotoxic effect of all stemphones on Jurakat cells is summarized in Table 3 . Among them, cochlioquinone D showed the most potent cytotoxicity with an IC 50 of 0.070 mg/ml, while stemphones E1 and G1 had almost no cytotoxicity (IC 50 Ͼ100 mg/ml). Stemphones B, E, E2 and E3 showed moderate cytotoxicity (IC 50 , 2.13ϳ4.44 mg/ml) and the strongest potentiation of imipenem activity against MRSA (533 folds, Table 3 ).
Discussion
Seven structurally related compounds including six new stemphones B to G and known cochlioquinone D were isolated from the culture broth of Aspergillus sp. FKI-2136, but stemphone (stemphone A) itself was not detected and isolated from the culture. Since stemphone F has a propanone residue in the structure, it is plausible that stemphone F is produced by the treatment of stemphone B with acetone. However, no product was obtained by the treatment of stemphone B with acetone.
Compounds structurally related to stemphones and cochlioquinones have various biological activities [8ϳ10]. As previously reported, we found a new biological activity, namely an activity potentiating the b -lactam imipenem activity against MRSA [3] . In this study, the potentiating activity of all the stemphones (natural and semisynthetic ones) was tested to investigate the structure-activity relationships (Fig. 7) . Regarding the C-4 position (R 1 ), Oacyl derivatives with a C2 to C5 carbon length retained the potentiating activity, but derivatives with a longer acyl residue drastically decreased the activity, indicating that the moderate lipophilicity at C-4 is important for the activity. Regarding the C-11 position (R 5 ), introduction of most Oalkyl residues resulted in a decrease of the activity. Only hydroxy and O-methyl showed very weak activity. Thus, no modification at this position is preferable for the potentiating activity. Furthermore, regarding the 7,10-quinone part, it is replaceable by 7,10-hydroquinone or 7-hydroxy-7-propanone-10-oxo. However, activity was lost when a methyl or acetyl residue was introduced to the C-10 hydroxy group. Regarding the C-12 (R 3 ) and C-19 (R 4 ) positions, the potentiating activity was retained regardless of introduction of a hydroxy residue in these positions. Among these stemphones, it was concluded that stemphone E is the most selective compound, showing the most potent potentiation of imipenem activity against MRSA (533-fold) and the lowest cytotoxic activity against Jurkat cells. This information about the structure-activity relationships would lead to a new type of anti-infective agent as an imipenem potentiator against MRSA.
Several natural products have previously been reported to potentiate b -lactam activity against MRSA [11ϳ16], possibly due to inhibition of penicillin-binding proteins 2 (PBP2Ј) and suppression of b -lactamase activity. Our preliminary experiments on the mechanism of action suggested that stemphones showed almost no effect on PBP2Ј (data not shown). The mechanism of the potentiating activity by stemphones remains to be determined. This study on the structure-activity relationships of stemphones could be useful for preparing a probe to analyze the target molecule. Further investigations on the mechanism of action are now in progress.
